Mutants that require exogenous 3', 5'-cyclic adenosine monophosphate (cAMP) for exponential growth were isolated from strains deficient in adenyl cyclase. Studies of one strain showed that cAMP is not incorporated into macromolecules; instead, it seems to have a regulatory function, i.e., in media lacking cAMP, cells form ribonucleic acid (RNA) and protein at linear rather than exponential rates. The exact lesion is not known; ribosomes, messenger RNA, and the ,B and ,B' subunits of RNA polymerase continue to be made in absence of added cAMP.
In the major system in which it affects Escherichia coli, 3',5'-cyclic adenosine monophosphate (cAMP) is required for transcription of messenger ribonucleic acid (mRNA) for many catabolic enzymes, including ,B-galactosidase (5, 16, 20) . Levels of cAMP can be lowered in cells, e.g., by mutations in adenyl cyclase (17, 19) or by growth of cells in media containing high concentrations of glucose as the source of carbon and energy (18) . The formation of catabolic enzymes is then inhibited, but in such cultures cAMP is still measurable (12, 17, 18) . The question arises whether cAMP is required for production of any indispensable mRNA (or for any other indispensible function) in E. coli.
As one source of information relevant to answering this question, a class of mutants dependent on cAMP has been sought and isolated, and the response of one such mutant to cAMP deprivation is partially characterized here.
MATERIALS AND METHODS Bacterial strains. E. coli, strain GP1 (19) , which requires isoleucine-valine, methionine, and thiamine, and has a low level of adenyl cyclase [thus, it is ilv, metE, thi, cyal, and strain 5336cya (17) were kindly supplied by J. S. Gots and I. Pastan, respectively. E. coli D-10 (8) and K-10 (7) were also used in the genetic studies.
Strain S107 was selected from strain GP1 as a cAMP-requiring mutant (see Results).
Media. Complete medium is composed of 0.8% (w/v) nutrient broth (Difco) and 0.8% (w/v) Casa- ' A preliminary report on cAMP-requiring mutants was included in the proceedings of the Symposium on Effects of Drugs on Cellular Control Mechanisms, London, 1971. mino Acids (technical grade; Difco).
Ml medium is composed of (per liter): Na,HPO4, 7 g; KH2PO4, 3 g; NH4Cl, 1 g; Na2SO4, 0.8 g; FeCl8, 1.75 mg; MgCl2, 48.8 mg; and CaCl2, 2.75 mg.
M2 medium is composed of Ml medium plus 0.5% lactose. M3 medium is composed of Ml medium plus 0.4% glucose, 0.2% technical grade Casamino Acids, and 0.0005% thiamine.
Mutagenesis. Exponentially growing cells were treated with 500 ug of N-methyl-N'-nitro-N-nitrosoguanidine per ml for 60 min at 30 C by the method of Adelberg et al. (1) .
Treated bacteria were spread on minimal saltsglucose medium plates in the presence of 1 mM cAMP and were cultured at 30 C.
cAMP dependence and fermentation of these master colonies were tested by spotting them onto M2 agar plates with necessary amino acids and thiamine, on MacConkey agar (Difco) plates, or on tetrazolium-lactose agar plates in the absence or presence of 1 mM cAMP. cya mutants grow on media lacking cAMP, but show fermentation of lactose only in presence of added cAMP (17) . cAMP-requiring mutants require added cAMP to form colonies after 36 to 48 hr.
Transduction. Transduction by phage Plkc was performed by the method of Lennox (11) .
Deoxyribonucleic acid (DNA)-RNA hybridization. Hybridization was performed by the method of Kennell and Kotoulas (9) .
Gel electrophoresis. Polyacrylamide gel electrophoresis was performed by the method of Matzura (13) RESULTS To determine whether E. coli can be dependent on added cAMP, we plated out mutagenized cells and screened them by using replication tests for cells that grow on minimal salts-glucose medium containing cAMP, but fail to form colonies in 48 hr in absence of cAMP. In initial trials with a strain containing wild type levels of adenyl cyclase (strain D-10; reference 8), no cAMP-requiring colonies were found among 8,000 survivors of nitrosoguanidine mutagenesis. Probably the high levels of cAMP present endogenously preclude isolation of a cAMP-requiring derivative. For this reason, we tried to obtain cAMP-requiring mutants from strains GP1 and 5336, which already have low levels of adenyl cyclase. Among mutagenized cells of these two strains, cAMPrequiring mutants were obtained at a frequency of about 10-'.
One strain, S107, has been studied in detail and compared with its parent strain GP1. Placed in liquid media with cAMP, strain S107 grows exponentially, with a doubling time about twice that of the parental strain.
Without cAMP, strain S107 shows a characteristic period of one to two generations of exponential growth, followed by linear growth (Fig.  1 ). Linear growth is accompanied by linear formation of RNA ( Fig. 1 ). Slow growth of strain S107 in absence of added cAMP was also observed in plate tests. Whereas little, if any, growth was detected after 36 to 48 hr, more prolonged incubation produced tiny colonies from plated cells and faint growth from replicated colonies. The growth could be due to an incomplete genetic lesion in the strain or to low levels of cAMP still produced by the cells (see below). This slow growth of strain S107, even without cAMP, favors selection of revertants, usually to normal levels of adenyl cyclase (cya+, scored as in Materials and Methods); but the strain can be stored for long periods on rich media containing 1 mm cAMP.
Readdition of cAMP to starved cultures results in a short lag, followed by resumption of growth at a maximal rate. During growth, cAMP is not required in the mutant as a source of adenine, ribose, or AMP for the cells. Neither adenine nor ribose, which should also provide AMP by salvage pathways (2, 3) replaced cAMP in plate tests; nor was 3H-cAMP hr FIG. 1. Growth curve and rate of RNA synthesis in strain S107 at 30 C in presence or in absence of cAMP. A culture of strain S107 was grown in M3 medium containing 1 mM cAMP. At about 108 cells/ml, the culture was centrifuged and washed once with medium to remove cAMP. Cells were then suspended in the presence (filled symbols) or absence (open symbols) of 1 mm cAMP at 30 C, and growth (circles) was monitored by increase in optical density. At each indicated time, a 0.2-ml portion of culture was incubated with 0.5 MCi (0.01 gg) of 8H-uracil for 2 min for estimation of the rate of RNA synthesis (triangles). Each sample was then precipitated with 10% trichloroacetic acid, plated, and counted.
incorporated into acid-insoluble cell material. For example, in two trials, cultures were washed free from cAMP by three to five centrifugations in minimal medium, and incubated with 120,000 counts per min per ml of 3H-cAMP with 1.2 x 108 cells for up to 4 hr. Less than 1% of the counts became acid-insoluble per hour of growth, even when cells were pretreated with ethylenediaminetetraacetate (according to reference 10) to increase their permeability.
No single lesion by which deprivation of cAMP in strain S107 limits RNA synthesis has been determined; in various trials, it was found that ribosomes, mRNA, and the ,B and d' subunits of RNA polymerase all continue to be formed in the strain in absence of cAMP.
Sample data for the fraction of mRNA in pulse-labeled RNA, determined by DNA-RNA 746 3',5'-CYCLIC AMP-REQUIRING MUTANTS OF E. COLI hybridization, are shown in Fig. 2a . The fraction of mRNA, defined as the RNA that hybridizes in presence of an excess of cold ribosomal RNA, is the same for cultures labeled in presence or in absence of cAMP.
The increasing levels of the RNA polymerase subunits in presence or absence of cAMP were determined by the incorporation of label into the characteristic specific bands separated by gel electrophoresis (Fig. 2b) . The rate of protein synthesis is slower in the mutant (as is total growth; cf. Fig. 1 ), but the fraction of total new protein in polymerase subunits is very similar.
The possible relationship between the lesion in strain S107 and the characterized system by which cAMP affects transcription of many mRNA species in E. coli was explored to some extent. The analysis is complicated because strains with low levels of cyclase activity (cya) can grow in absence of cAMP. However, the cells grow more slowly, and tests of the re- ported deficient mutants indicate that they are not completely deficient. In the case of strain 5336, levels of cyclase 6% that of the wild type have been reported (17) . Also, both strains 5336 and GP1 showed 2 to 10% of the extent of induction of ,B-galactosidase in absence of cAMP that they show in its presence (for sample data comparing strains S107 and GP1, see Table 1 ). Even in plate tests for lactose fermentation, scoring depended on the sensitivity of the indicator and the strain; strain GP1 grew, though slowly, on minimal medium with lactose as sole carbon source; and although strain GP1 was negative for lactose fermentation on tetrazolium indicator agar, it was slightly positive on MacConkey agar, where strain 5336 was negative. Thus, in the parental strain of strain S107, the levels of cAMP are inferred to be low but not zero. Strain S107 itself probably does not harbor a further deficiency in cAMP formation or metabolism. As shown in Table 1 , the strain re- 5 MCi of 3H-uracil/ml was added to each of two 10-ml cultures, one growing in presence of cAMP, and the other deprived of cAMP for 6 hr. Two minutes later, the cells were harvested on ice. RNA was extracted by using sodium dodecyl sulfate and phenol, and then was precipitated with alcohol, redissolved, and dialyzed against standard saline citrate diluted 1 to 100 (9). Hybridization was carried out according to reference 9, with 200 Mg of denatured DNA on each filter, for 20 hr at 66 C in 0.5 ml of sixfold-concentrated saline-citrate buffer. Each sample contained 0.2 ug of 3H-RNA (2,500 counts/min) and cold ribosomal RNA, as indicated. One hundred percent hybridization represents 60% of input 3H counts/min bound in the ribonuclease-resistant hybrid. b, Levels of (fl + ft') subunits of RNA polymerase from S107 cells grown in presence or in absence of cAMP at 30 C. The cells were cultured in Ml medium fortified with 0.4% glucose, 0.005% methionine, 0.005% isoleucine, 0.005% valine, 0.0005% thiamine, 0.5 Mg leucine per ml, 1 mM cAMP, and 0.5 MCi of 14C-leucine per ml, then centrifuged, washed twice, and suspended in the same medium (6 ml) in presence or in absence of cAMP. Each culture was shaken at 30 C for 4 hr. 8H-leucine was then added to give 20 IMCi/mI, and 10, 20, 30 and 40 min thereafter a 0.1-ml sample was added to 1 ml of cold 10%o trichloroacetic acid. The precipitates were collected to determine hot trichloroacetic acid-insoluble material (triangles). At the same times, 1-mI samples were put into tubes containing 0.5 ml of 0.1 M NaCN, 0.1 ml of 10 mg of leucine per ml, and ice. These samples were then centrifuged, suspended in 50 Ml of sample buffer containing 10%o glycerol, 5% 2-mercaptoethanol, 3%o sodium dodecyl sulfate, and 0.0625 M tris(hydroxymethy)aminomethane-hydrochloride (pH 6.8) and heated at 90 C for 3 min. After addition of 5 Mliters of 0.1% bromophenol blue, the samples were subjected to electrophoresis in 8.75% polyacrylamide gels to fractionate (,8 + #') subunits of RNA polymerase (13) a Cells were cultured at 30 C for 4 hr in 4 ml of Ml medium containing 1% glycerol, 0.01% Casamino Acids, 0.005% methionine, 0.005% isoleucine, 0.005% valine, and 0.0005% thiamine, in presence or in absence of 1 mM cAMP. They were then induced by 5 X 10-4 M isopropyl-B-D-thiogalactoside, and ,B-galactosidase was assayed by the procedure of Pardee et al. (14) . In parallel samples, incorporation of 'H-reconstituted protein hydrolysate (10 MCi) into hot trichloroacetic acid-insoluble fractions was assayed. The difference between the samples at 10 and 20 min after addition of inducer and 3H-amino acids was used to calculate the rates of enzyme and protein synthesis (17) .
tains the residual level of inducibility for ,-galactosidase and the response to cAMP and inducer characteristic of its parental strain GP1. These results suggest that the cAMPbinding protein (4, 6, 15) is intact in the strain, although mutations affecting the efficiency of binding protein or cAMP phosphodiesterase are not excluded.
Genetic evidence also demonstrates that the lesion in strain S107, while not mapped in detail, is not in the locus for adenyl cyclase. For example, Table 2 reports several transductions in which the region which contains the lesion in the adenyl cyclase gene (cya) was introduced from the parental strain GP1 into recipient S107 cells without affecting their requirement for cAMP. Thus, the cAMP-requiring lesion has not been replaced by a wildtype allele. The donor of phage in the experiments of Table 2 was strain VG1, an ilv+ derivative of strain GP1 which retains the cya lesion. In experiment 1, the recipient was strain S107; and ilv+ transductants all still required cAMP. Since ilv+ and cya are closely linked (reference 19; experiment 2, Table 2 ), this result argues against close linkage of cya and the cAMP-requiring lesion. However, the argument is not yet conclusive, since it is possible that the region of the VG1 chromarone bearing the cya gene failed to enter the recipient for some reason. To make the evidence stronger, in experiment 2, the recipient was strain S107cya+, S107 into which the cya+ gene had been introduced from a wild-type K-10 strain in a separate transduction. In this strain, the requirement for cAMP is hidden, if present, by the presence of high endogenous levels of the nucleotide. Introduction of ilv+ from VG1 by transduction brought with it the linked cya marker in many transductants, as expected. The cAMP requirement of the strain was again uncovered in these transductants, showing that strain S107,y.+ had retained the cAMP requirement even when it contained the wild-type cya+ allele. Thus, one can conclude that cya is not linked to the cAMP-requiring lesion.
DISCUSSION
Although its lesion is apparently not in adenyl cyclase or cAMP-binding protein, strain S107 could certainly require cAMP at transcription. Since cAMP is apparently not used as a substrate by the strain, and cell growth continues linearly in absence of cAMP, the nucleotide probably does serve a regulatory function. Since it is required even in fortified media, such as nutrient broth-yeast extract, and results in a limitation of both protein and RNA synthesis, the regulation could be for a protein involved in macromolecule formation or in provision of nonsupplementable substrates (like triphosphates).
It may be worthwhile to note that the primary limitation is probably not one on the total rate of protein synthesis, for linear protein synthesis would then lead to a continued a Transductions were done according to reference 11; in each case, ilv+ transductants were selected (ilv+ was selected on Ml agar plates supplemented with 0.5% glucose, 0.005% methionine, 0.0005% thiamine, and 1 mM cAMP) and the cya and cAMP requirement (cyr) were scored as in Materials and Methods.
bVG1 is an ilv+ mutant isolated from strain GP1 and has the markers cya met E thi.
I S107 cya+ is a cya+ transductant of strain S107 with P1 phage grown on strain K-10 (7) and retains the markers ilv thi.
3T, 5'-CYCLIC AMP-REQUIRING MIUTANTS OF E. COLI increase of the rate of RNA synthesis as a function of t2/2 (the integral of the linear accumulation of synthetic machinery with time). Instead, a primary limitation on RNA synthesis, for example with a constant fraction of mRNA (Fig. 2a) and a comparable lifetime of mRNA, could lead to a fixed amount of mRNA and therefore a linear rate of protein synthesis.
The analysis of the cAMP-requiring mutants is in part frustrated because of the incomplete lesions in adenyl cyclase levels (see Results). The leakiness of the cya mutants may itself hint at an obligatory role for cAMP in cells; one might then have expected to derive cAMP-requiring mutants from wild-type strains as complete lesions in adenyl cyclase. Such strains were not found; but there may also be several routes to cAMP in the cell, or alternatively, a non-leaky mutant in adenyl cyclase might not survive because of poor transport of exogenous cAMP.
Concerning the lesion in strain S107, the simplest possibility would be that by mutation in a regulatory system, synthesis of a critical mRNA in strain S107 requires high internal levels of cAMP. Further studies of the precise lesion in the strain may help to determine whether formation of the same or other indispensable mRNA species are ordinarily under positive control by cAMP in wild-type strains. For the present, the finding of strains like S107 only establishes unequivocally that cAMP can be an essential metabolite for E. coli, even in a growth medium like minimal salts-glucose, where cAMP is ordinarily at repressed levels (18) .
